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Abstract 
 
Mediterranean red coral (Corallium rubrum, L 1758, Octocorallia, Gorgonacea) is a 
colonial anthozoan endemic to the Mediterranean Sea. Due to the high economic value of its 
carbonate axial skeleton this species has been harvested and traded for more than 2 thousand 
years. In the last two decades a reduction of the overall fishing yield by 2/3 has been 
recorded. 
Although our knowledge on the demographic features of red coral populations living 
between 10 and 50 meter depth has increased considerably in recent years, the main life-
history traits of deeper populations (the main target of harvesting nowadays), are still largely 
unknown. To increase the demographic knowledge on the latter populations an ad hoc cruise 
was carried out during early Summer 2010 in the North and Central-East Tyrrhenian Sea, 
between 62 and 120 m depth.  
The aim of this study is to investigate the demography of deep Corallium rubrum 
populations located in Amalfi Coast/Ischia Island (Campania) and Elba Island (Tuscan 
Archipelago).  
The analysis of the sexual features, revealed a balanced sex ratio, a colony fertility of 
90.3% and an average fecundity of 0.83 oocytes or planulae per polyp. The knowledge of 
these life-history descriptors is basic for our understanding of deep dwelling red coral 
population dynamics, to develop suitable demographic models and for matching harvesting to 
population growth rate.  
Colonies bigger than 7 mm in diameter (the minimum harvesting size in several 
countries) are 38% (32 on 84 colonies with a valid basal diameter).  
To determine the age of the colonies of Corallium rubrum, a sclerochronological 
approach has been applied. As red coral develops annual growth rings, composed of a dark 
and a light layer alternatively, colony age was assessed by counting these annual growth rings 
on thin sections of 69 colonies. On the basis of a 2-way ANOVA, which factors were age 
classes and observers, no significant difference was found between the age estimated by three 
independent observers.  
The average annual colony growth rate (basal diameter), showing some decrease with 
colony age increase, was 0.26 mm/yr, similar to those observed in other populations. These 
results suggest a similar growth pattern of C. rubrum over different geographic areas. The 
decrease in diameter growth rate with age suggests that diameter could be not the most 
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reliable descriptor of colony growth for older colonies.  
The relationship between age and basal diameter fitted on a subsample of colonies 
was then applied to assess the age of a larger sample of the population. The majority of 
colonies (97.7%) fell in the 6 – 55 years range; about half of them (51.1 %) were in the 21-25 
and 26-30 age classes. Only two colonies have an estimated age of 93 and 69 years.  
 
Effects of partial predation exerted by the gastropod Pseudosimnia carnea on 
reproduction of red coral were examined from a quantitative point of view. Colonies from a 
mesophotic population (living between 60-100 m depth) at Elba Island were collected prior to 
their annual spawning and were examined for their reproductive features. Female colonies 
were predated significantly more frequently than males (3:1 ratio); the mean number of 
polyps, the mean polyp fecundity and the mean colony fecundity, were significantly reduced 
by gastropod grazing independently from colony size. There was a dramatic effect on the 
main reproductive parameters of coral, especially on the colony reproductive output, reducing 
it by about 84 %. The consequent dramatic reduction of population reproductive output could 
have long-term effects on predated populations limiting their resilience to intense harvesting. 
 
The last part of my thesis deals with data collected by ROV (Remotely Operated 
Vehicle). The target of this part of my research was to establish a relationship between the 
data gathered on the small sample of colonies taken and the wider one of the colonies 
recorded by ROV. As red coral is an overharvested species, the number of colonies collected 
for research must be small. 
The analysis of about 3000 images recorded by ROV revealed that this method can 
give good results about occupancy, density, exposition, degree of sedimentation and of 
substrate inclination; discrete results about branching order but it is not reliable when the 
subject is the measurements of basal diameter at different depths. 
6 
 
General introduction 
 
1.1  Corallium rubrum 
 
Mediterranean red coral (Anthozoa, Octocorallia, Gorgonacea, Corallium rubrum, L. 
1758) is a colonial anthozoan endemic to the Mediterranean Sea (Fig 1.1). It is a long-lived, 
gonochoric, brooder species, whose larvae (planulae) do not travel very far from the parental 
colonies (Vighi 1972; Weinberg 1979b; Abbiati et al. 1993; Costantini et al. 2007). 
 
 
 
Fig. 1.1: Distribution of Corallium rubrum along the Mediterranean and Atlantic 
  coasts. 
 
Reproduction is “discrete”, occurs within a limited time interval in early summer and 
populations are composed by several generations partially overlapping (Santangelo et al. 
2003). Such populations can only decrease in number (due to mortality) between two 
different reproductive cycles (Ricklefs & Miller 1999). 
Due to the high economic value of its carbonate axial skeleton, C. rubrum is the most 
Mediterranean valuable marine species and it has been harvested since ancient times. First 
records of red coral ornamental beads are dated back to the Neolithic period. C. rubrum is 
harvested all over the Mediterranean and more than 90 % of the harvest is worked in Italy 
since the 1800s. The harvesting activity was practiced with non selective and destructive 
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trawling gears (St. Andrew's cross and Ingegno Fig. 1.2) up to 1994, year of the banning of 
this system by the European Community legislation. In the last two decades a reduction by ⅔ 
of the overall Mediterranean fishing yield has been recorded (Santangelo & Abbiati 2001; 
Tsounis et al. 2007). 
 
 
Fig. 1.2: Ingegno and its application (from Tartamella 1985) 
 
The bathymetric distribution of Corallium rubrum ranges between 15 m (5 in caves) 
and 300 meter depth; recently, live red coral colonies have been observed in the Strait of 
Sicily at depths of about 600–800 m (Costantini et al. 2010). 
According to an operational definition, two different populations can be distinguished 
according to the species bathymetric depth range: shallow and deep populations. The formers, 
living up to 50 meter depth, are characterized by colonies at high densities but of small size, 
with few braches and small average basal diameter (Tsounis et al. 2007). Due to the colony 
small size and the frequent boring sponges infection, such populations have now a limited 
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economic value. Deeper populations, on the contrary, are characterized by sparse but larger 
colonies, thus with higher economic value (Rossi et al. 2008). 
Natural mortality is low in C. rubrum, as this species has few predators (see Chapter 
2). Boring sponges represent a mortality source, since they can pierce the colony base until it 
is so fragile to be detached from the rock by water flow (Abbiati & Santangelo 1989, Fig. 
1.3). 
 
 
Fig. 1.3: Two colony bases perfused by boring sponges. 
 
Shallow water populations of Gorgonians have demonstrated to be vulnerable to 
anomalous temperature increases such as those happened in late summer 1999 and 2003 
(Bramanti et al. 2005; Cupido et al. 2009). Deep populations, on the contrary, are immune 
from this type of events. More than mass mortalities, overharvesting negatively affects red 
coral as several shallow-water populations have been brought to depletion; deep populations 
run the same risk nowadays, if a strict regulation will not be fixed before it's too late. 
 
1.2 Shallow and deep populations 
 
The schematic subdivision between shallow and deep populations is an operative 
definition mainly based on some different coarse features of Corallium rubrum colonies 
living at different depths rather than on genetic evidences. Nevertheless some genetic 
differences between shallow and deep-dwelling populations have been recently detected 
(Costantini et al. 2011). 
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Fig. 1.4: Shallow water population crowded (back) and small size colonies (front). 
 
The majority of papers describe as shallow water populations those living in the 
bathymetric range between 20 and 50 meters (5 m in caves). Such inferior limit copes with 
SCUBA diving operative limits in air and therefore shallow populations have been deeply 
harvested and some are still now (Tsounis et al. 2007), despite their lower intrinsic economic 
value. 
The actual dominance of small/young colonies in the shallow populations could be a 
consequence of the past intensive overharvesting occurred especially between the 60s and 70s 
years (Tsounis et al. 2006; Bramanti et al. 2009). Nowadays, where harvesting still occurs, 
management measures are necessary to plan harvesting limits, especially for shallow water 
populations. 
 
Deep populations are generally distributed in the belt between 60 and 250 meters 
wherein large colonies are sparsely distributed and less affected by boring sponges, thus 
acquiring an economic value higher up to 20 fold respect to the shallow smaller ones. 
A ROV (Remotely Operated Vehicle) survey, carried out off Cap de Creus (Spain, 
Rossi et al. 2008) revealed a different size-structure in populations dwelling in deeper areas 
(50 - 230 m) and less pressed by harvesting than the shallow one of the same area, but even 
such structures, as shallow ones, seems to be far from ancient times. Other ROV surveys on 
deep-dwelling populations made by professional fishermen and by researchers in Sardinia 
showed coral populations, living between 90 and 120 meter depth, composed by larger (>20 
cm in height) colonies. A ROV survey, carried out off Calabria coasts (South Tyrrhenian Sea) 
between 50-200 meter depth, revealed the dominance of small colonies (50% of colonies 
were smaller than 10 cm in height) and low density (1-90 col/m
2
) (Angiolillo et al. 2009). 
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Some further recent data, gathered by examining fishing crops harvested between 93 and 107 
m depth in Western Sardinia in 2007 and 2008, revealed a constant size structure with similar 
modal classes (10 mm of diameter and 40 g of dry weight) together with some exceptional 
colony of about 500 g (Pedoni et al. 2009). 
Despite preliminary studies were carried out on deep populations (Angiolillo et al. 
2009; Pedoni et al. 2009), data on deep colony biology, such as colony growth, population 
age and sexual structure, age at first maturity, reproductive output, recruitment, natural 
mortality were still absent (Santangelo et al. 2009, Santangelo and Bramanti 2010). This 
work is partially filling this gap of knowledge (Priori et al. 2013). 
Abandoned trawling gears represent a cause of mortality of deep–dwelling Corallium 
rubrum populations, as observed during ROV surveys (Rossi et al. 2008). These fishery 
devices, trapped on the rock and along colonies branches, slide on the colony, scrubbing the 
external living tissue, i.e. coenenchima, and reducing the water flow around the colonies (Fig. 
1.5). 
 
 
 
Fig. 1.5: Fishing net tangled on a rock at south Pianosa - NW Montecristo, in the 
  Tuscan Archipelago, at a depth of 83 m. 
 
At present, harvesting of deep–dwelling colonies by professional SCUBA divers 
could be considered a selective technique. Legal authorized harvesters are professional divers 
who dive with mixed gases up to 120 m. Due to the effort required by harvesting activities, a 
preliminary ROV survey of the harvesting site is usually conducted. Harvesters’ divings start 
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only after that the larger colonies have been localized and GPS recorded (Vielmini 2009). 
 
1.3 Conservation 
The European Council Directive 92/43/EEC of 21 May 1992 on the conservation of 
natural habitats and of wild fauna and flora, also known as the Habitats Directive, forms the 
cornerstone of Europe's nature conservation policy. It is built around two pillars: the Natura 
2000 network of protected sites and the strict system of species protection. All in all the 
directive protects over 1.000 animals and plant species and over 200 so called "habitat types" 
(e.g. special types of forests, meadows, wetlands, etc.), which are of European importance. 
Corallium rubrum is inserted in the Annex V which cluster animal and plant species 
of community interest whose taking in the wild and exploitation may be subject to 
management measures. 
The SPA/BD Protocol (Special Protected Area and Biological Diversity) is the 
Mediterranean’s main tool for implementing the 1992 Convention on Biological Diversity, as 
regards the in situ sustainable management of coastal and marine biodiversity. The Protocol, 
promoted by UNEP, came into force in 1999 and deals with six main aspects to be promoted: 
1) conservation of species that are threatened with extinction, endangered, or to be managed; 
2) the sustainable use of biological resources; 3) protecting habitats that are in danger of 
disappearance or are necessary for the survival, reproduction and restoration of threatened or 
endemic species; 4) conservation of types of marine and coastal ecosystem that are typical of 
the Mediterranean; 5) protecting sites of scientific, aesthetic, cultural or educational interest; 
6) setting up and promoting Specially Protected Areas. 
Corallium rubrum is listed in the Annex III of the protocol concerning specially 
protected areas and biological diversity in the Mediterranean, i.e. the list of species whose 
exploitation is regulated. 
Actually management approaches throughout the Mediterranean are similar: in 
territorial waters the number of harvesters is regulated by licenses. Yield is limited by harvest 
quotas and minimum size limits. While the management rules are similar in all fisheries, their 
degree of enforcement varies among countries (Tsounis et al. 2009). 
 
Deep populations are those most remunerative and, due to the physical and 
economical effort involved in harvesting deep colonies, this activity can be considered 
partially selective. Regarding effective management measures, Sardinia, the Italian Region 
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where the most part of Italian red coral is harvested, has banned both Ingegno and S. Andrew 
cross since 1989 (5 years before the European Ban). Since then harvesting is only allowed by 
SCUBA diving and by ad hoc law more restrictive than the national one. Furthermore in 
2007, due to a lack of information on the resource, red coral harvesting was stopped to be 
restarted in 2008, after a proper stock assessment of the banks. The present Sardinian law 
allows harvesting 30 professional harvesters from the 1
st
 of May to the 15
th
 October (until 
15
th
 November in 2012), in specific areas, below a depth of 80 meters and up to a maximum 
of 2.5 kg per day. The minimal colony size in diameter has been fixed to 10 mm with 20 % of 
tolerance. This law conveys professional harvesters on focusing on few larger and high 
valuable colonies. Also if this legislation is the most restrictive in the Mediterranean, the lack 
of local enforcement could greatly reduce its effectiveness. 
In April 2010 the Convention on International Trade of Endangered Species (CITES) 
decided not to include the genus Corallium into Appendix II, proposed by USA and 
supported by EU. According to the text of the Convention, the Appendix II shall include “(a) 
all species which although not necessarily now threatened with extinction may become so 
unless trade in specimens of such species is subject to strict regulation in order to avoid 
utilization incompatible with their survival; and (b) other species which must be subject to 
regulation in order that trade in specimens of certain species referred to in sub-paragraph (a) 
of this paragraph may be brought under effective control”. 
Recommendations for a sustainable management and proper conservation of the 
Mediterranean red coral envisage the total protection of shallow-water populations; the 
implementation of no take zones/protected areas and the need of population specific 
management plans of deep-dwelling populations. Since red coral shallow-water populations 
(20-50 meter depth) have been overexploited, these populations must be fully protected in the 
whole Mediterranean. Deep–dwelling populations need to be studied and managed according 
to sound scientific criteria following a demographic approach applied at a local level. 
Deepest-dwelling populations recently recorded at depth below 600 m could have never been 
harvested and could constitute a refuge of the species and hence should be protected by 
harvesting. 
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1.4 Demography for management 
 
In recent years, the red coral research has been directed towards the study of the 
population structure and dynamics by means of demographic models, in particular through 
life-history table and Leslie-Lewis matrix model (a discrete, age-structured demographic 
model; Santangelo et al. 2004; 2007; Bramanti et al. 2009). This approach, widely applied in 
Conservation Ecology (Dobson 1998; Ebert 1999; Fujiwara & Caswell 2001), supplies the 
tools to match harvesting to population growth rate fostering both conservation and rational 
management of the populations of this valuable species (Santangelo and Bramanti 2010). The 
compilation of life-history tables greatly helps to foster the progression of species and 
populations towards survival; they supply data on population structure and demography 
(density, number of colonies in each size/age class, reproductive output and mortality). These 
data are then included in an algebraic matrix (Leslie-Lewis transition matrix; Caswell 2001), 
which allows to project population trends overtime. 
In such demographic models the contribution of each cohort to population growth by 
reproduction and survival is included and can be applied to a data set collected only once (in 
a single harvesting/sampling season, under the assumption of population steady-state). 
Moreover they allow simulating every possible variation in harvesting intensity and a 
selective harvesting affecting different age classes in a different way (Santangelo et al. 2007; 
Bramanti et al. 2009). Information on colony growth rate, population size-age structure and 
density, reproductive output and mortality rates - the latter gatherable also by the population 
size-age structure, under the assumption of population steady-state – are essential to generate 
demographic models, based on Leslie-Lewis transition matrixes.  
 
1.5 Objectives of the thesis 
 
Management approaches based on a detailed knowledge of specific population 
demographic features are fundamental to ensure long-term exploitation sustainability 
(Knittweis et al. 2009). Demography focuses on the specific dynamics of each population, 
allowing to project population structure over time. This approach allows setting out local 
conservation strategies for wildlife and for exploited species structured into discrete local 
populations, such as the Mediterranean red coral (Santangelo et al. 2007). Despite this, at the 
present long-term studies on Mediterranean red coral demography are scarce due to its slow 
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growth and longevity (Garrabou & Harmelin 2002; Santangelo et al. 2004). 
 
Aim of this study has been to investigate, for the first time, the demography of deep 
populations of Corallium rubrum located in the Central Tyrrhenian Sea (Eastern Sector) and 
in the Northern Tyrrhenian Sea (Tuscan Archipelago). 
 
1.6 Structure of the thesis 
 
This thesis is organised in three Chapters: 
Chapter 1. Population size and age structure: diameter, weight structure and order of 
ramification, sex ratio, population fertility and fecundity are presented in order to have a first 
assess of the populations investigated. 
The age of a subsample has been assessed and growth rate was determined. From the 
relation obtained between diameter and age it has been possible to determine the age structure 
for the whole population. 
Chapter 2. Predation by Pseudosimnia carnea: for the first time, a quantitative 
approach has been carried out in order to estimate the effect of predation on coral fecundity. 
Chapter 3. ROV investigation: pictures taken by this vehicle have been analysed in 
order to assess the spatial and bathymetric distribution of the colonies. 
 
2. Study area 
The following areas have been explored (Fig. 2.1):  
 
A Campania  
˗ 1 Salerno Gulf (Praiano 40°36’--“ N, 14° 31’--’’ E),   
˗ 2 Li Galli Islet (40°35’--’’ N,  14°29’--’’E)   
˗ 3 Ischia Island (Punta S.Angelo 40°41’ --’’ N, 13° 53’--’’E).  
 
B Tuscan Archipelago  
˗ 1 Elba Island W Marciana Marina (42°41’--’’ N, 10°01’---’’),  
˗ 2 Pianosa Island E (42°39’--”N, 10°07’--” E) ,  
˗ 3 Pianosa Island S (42°31’--’’N, 10°07’--’’E). 
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Fig. 2.1: The three areas explored during the cruise.  
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2.1 Tuscan Archipelago 
Arcipelago Toscano National Park is the largest marine park in Europe: it safeguards 
56,776 hectares of sea and 17,887 hectares of land. It includes the seven main islands of the 
Archipelago, as well as some minor islands and rocks. These islands are different one from 
the other and each of them preserves traces of its history. The Park was institutionalized with 
D.P.R 22.7.1996 and expanded with D.M. Environment 19.12.1997 to include the marine area 
of Pianosa. 
The aims of the protected area are both the preservation of the sea biodiversity and 
biological resources and the promotion and the enhancement of the local economic activities, 
provided that they are compatible with the importance of the naturalistic aspects and of the 
landscape of the area. 
The Management Consortium is formed by the Provinces of Leghorn and Grosseto 
and by the Municipalities of Campo nell'Elba, Capoliveri, Capraia Isola, Isola del Giglio, 
Livorno, Marciana, Marciana Marina, Porto Azzurro, Portoferraio, Rio Marina, Rio nell'Elba. 
 The Park is characterized by a large variety of habitats populated by different forms 
of life. The great biological diversity of the Archipelago is also due to the variety of the 
coastline and the seabed. In tidal waters, safely stuck on the rocks, are the limpets Patella 
rustica and P. caerulea competing for space with the barnacles Chthamalus stellatus and C. 
montagui, while on the edges of the tide, the sea anemone Actinia equina lives, a good 
biological indicator of unpolluted waters. Just under the surface the rocks are covered with 
seaweed, amongst which is Neptune's shaving brush Penicillus capitatus, exclusive to the 
Archipelago, as well as the green monocellular umbrella-shaped seaweed Acetabularia 
acetabulum and the fan-shaped Padina pavonica. This area is also inhabited by sea-urchins 
Paracentrotus lividus and starfish Echinaster sepositus, molluscs like the octopus Octopus 
vulgaris and the sea-ears Haliotis lamellosa along with multicoloured annelids such as the 
fan-worm Sabella spallanzanii. The sandy seabed is covered with the prairies of Posidonia 
oceanica, green lung of the Mediterranean marine ecosystem. It’s also possible to encounter 
the large fan mussel Pinna nobilis, which is on the increase in the National Park, and the very 
rare sea horse Hippocampus hippocampus. The largest part of underwater life is concentrated 
in the coralligenous, which is composed by the red coral Corallium rubrum, the sea-fans 
Eunicella cavolinii, E. singularis and Paramuricea clavata.  
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2.2 Amalfi Coast – Ischia Isle 
The first two areas explored in Campania, along Amalfi Coast (Praiano and Li Galli 
Islet) are not included in a MPA  
Punta S.Angelo is included in the Marine Protected Area “Regno di Nettuno”: this 
Area was established with the law DD MM 27/12/2007; the Management Consortium is 
formed by the seven municipalities that rule the isles of Ischia and Procida: Barano d’Ischia, 
Casamicciola Terme, Forio, Ischia, Lacco Ameno, Serrana Fontana and Procida.  
The “Regno di Nettuno” includes the sea around the Archipelago Flegreo, formed by 
the islands of Ischia, Procida and Vivara, a protected area of 11.256,00 hectares. 
The three islands, at the west of the Gulf of Naples, are part of a large volcanic 
complex still considered active. Within the boundaries of the AMP is enclosed a prairie of 
Posidonia oceanica, which surrounds the islands for tens of square kilometers, Ischia in 
particular. 
 The seabed of the AMP "Regno di Nettuno" includes a wide variety of environments, 
including areas of coralligenous, with the formation of red algae and corals. Characteristic of 
Ischia is the false black coral "Gerardia savalia", present along the ridge of the tower of S. 
Angelo. 
Punta S.Angelo is located in a “B zone”, i.e., a “no-take” area. 
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Chapter 1 
Population size and age structure  
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1.1 Introduction 
 
The quantitative knowledge on the basic demographic features of the majority of 
benthic, long lived species is rather limited (Lesser et al. 2009; Edmunds 2010). Because 
conventional SCUBA constrains scientific diving within narrow depth and time limits, the 
demographic structure of the populations living within the sublittoral bottom communities is 
poorly known (e.g. Ballesteros et al. 2009; Gori et al. 2011). In particular, the demographic 
features of deep-dwelling populations (living below 50 m depth) are even less known. 
Demography of these last species needs dedicated and expensive research, but it could 
provide useful tools for conservation, supplying basic data to project population trends over 
time and to assess population viability (Caswell 2001; Santangelo and Abbiati 2001). Such an 
effort is particularly meaningful if applied to over harvested populations of long-lived, slow-
growing, valuable octocorals (Grigg 2001, 2009; Santangelo et al. 2007; Iwasaki et al. 2012). 
The red coral Corallium rubrum (L 1758) is a component of the circalittoral 
community dwelling on rocky bottoms of the Mediterranean Sea. Due to the brilliant colour 
and workability of its axial skeleton, this long-lived, slow-growing gorgonian has been 
harvested and traded for more than two thousand years, being probably the marine species of 
highest economic value (Tsounis et al. 2010). Endowed with a wide bathymetric (Costantini 
et al. 2010) and geographic distribution (Carpine and Grasshoff 1975; Cicogna and Cattaneo-
Vietti 1993), this species has been largely over harvested and many populations have been 
depleted (FAO 2007, 2010). Nowadays the populations living in the shallower part of its 
distribution range (10-50 m depth), characterised by small and dense colonies (Santangelo 
and Abbiati 2001), having a limited economic value, are only occasionally harvested while 
the main targets of professional fishing are the “deeper dwelling populations”, those living 
within below 50 m depth, generally composed of larger, sparse and high valuable colonies 
(Santangelo & Bramanti 2010; Rossi et al. 2008).  
Also, our knowledge about the demographic structure of the red coral populations 
living in shallow waters (between 10 and 50 meter depth) has been recently increased 
(Tsounis et al. 2010 and references herein), and some aspects of reproduction, recruitment 
and population age structure have been addressed (Vighi 1972; Santangelo et al. 2003; 
Tsounis at al 2006; Torrents 2007; Santangelo et al. 2007; Santangelo et al. 2012). However, 
the demographic structure of deeper-dwelling populations remains rather unknown (Garcia-
Rodriguez & Masso’ 1986; Rossi et al. 2008; Pedoni et al. 2009; Angiolillo et al. 2009). To 
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fill this gap of knowledge a pilot survey has been carried out in early summer 2010 (just 
before the reproductive period) along the North-central Tyrrhenian Sea, in areas in which red 
coral has been historically and even recently harvested. In this paper we address the size/age 
and the reproductive structure of the population examined. This research was carried out in 
the framework of a project of the Italian Environment Ministry to improve the knowledge on 
deep-dwelling red coral populations. 
Objective of this work is to assess the size/age structure of a population of deep 
Corallium rubrum.  
 
1.2 Materials and methods 
 
1.2.1 Sampling 
The cruise was carried out in the North Western Mediterranean (North and Central 
Tyrrhenian Sea) from June 30 to July 11, 2010 by the RV Astrea (ISPRA Institute, Italy). The 
rocky bottom was first explored by Multibeam echo sound (RESON 8125) between 50 and 
130 m depth; then, when rocky outcrops and rocky sub vertical slopes were identified and 
three-dimensionally mapped (Fig 1), they were visually explored by ROV (Fig. 2), equipped 
with 3 jaw grabbers (SeaBotix) to take any samples.  
Colonies (distributed on several, different boulders, in a wide area) were sampled by 
ROV (provided with a small basket fastened to the arm) along Amalfi coast and at Ischia 
Island, and by SCUBA (rebreather) divers in the Tuscan Archipelago, off Western Elba Island 
(42° 41’ N, 10° 01’ E) between 62-120 m in 3 areas between Elba and Pianosa Island. In both 
cases, small colonies have been under sampled and the smallest cannot be sampled at all 
(Santangelo & Bramanti, 2010). Only a part of colonies collected by ROV were suitable for 
all the morphological analysis as some were broken; SCUBA diving collection provided 
intact colonies, however diving-bottom time constraints severely limited sampling efficiency. 
Once numbered, photographed and measured, the collected colonies were subsequently fixed 
in formalin 4% for further analysis. Size, age and sexual condition of these colonies were 
then examined.   
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Fig. 1. Schematic functioning of the multibeam. 
 
 
Fig. 2. An image obtained with the sounder multibeam: the black line is one of the 
  transects recorded by the ROV. 
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1.2.2 Biometric and reproductive parameters  
The main morphometric parameters of colonies determined in this research were: 1) 
size (averaged basal diameter, dry weight, maximum height and branching pattern) and 2) 
number of polyps. 
Colony diameters were measured with a calliper at the base of the colony axis. Two 
measures were taken at the inflection point, at 1 ± 0.2 mm from colony bases and diameters 
were averaged. 
After counting of polyps, colonies were dried at room temperature. This procedure 
was preferred to oven-drying to avoid any damage to the circular rings of skeletal organic 
matrix (in the following paragraph). Colonies were weighed on a laboratory balance with a 
sensibility to 0.1 milligrams; only the first 2 decimal numbers were kept.  
Maximum height was taken with a calliper, measuring the distance from the base to 
the top of the colony.  
Sex identification was performed on freshly collected colonies, under the dissecting 
microscope (20-100x) (Cupido et al. 2012). To confirm colony sex determination, 
histological analyses were also performed under the optical microscope (250-1000 x; Fig.3).  
In order to examine a representative sample of them (Santangelo et al. 2003), 20 
polyps of smaller colonies (< 400 polyps), and 5% of polyps of larger colonies were 
analysed.  
 
  
Fig.3. a) Mature oocytes and planulae into the gastro-vascular cavity of a female polyp. 
 b) Sperm sac (top right, the red spot is a coenosarcs fragment) and spermatozoa 
(arrow: a sperm flagellum). 
 
a) b) 
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Once the sex of all the sampled colonies was determined, fertility and fecundity of 
female polyps and colonies belonging to different size classes were also examined.  
From these data the colony reproductive output was calculated and the overall 
reproductive output of a population was estimated.  
The sex ratio of the population was tested performing χ2 test. 
The reproductive structure of the population, fertility, i.e. number of female and male 
colonies/total number of colonies (%) was estimated. 
The mean fecundity of polyp (number of eggs and planulae found / number of polyps 
cut) was calculated for each female colony. The average fecundity of each colony (mean 
fecundity of the polyp multiplied by the mean number of polyps) and of the whole population 
was also calculated. 
 
1.2.3 Age determination 
 
Colony age was determined by the thin section-organic matrix staining datation 
method according to Marschal et al. (2004). It is based on toluidine-blu staining of the 
organic matrix concentric rings which are annually deposited in the axial calcareous skeleton 
of colonies. Thin sections (~ 50 microns each) of 69 colonies were cut 1 cm from the base, 
processed and examined by stereo microscopy (20-40 x). Three transects, starting from the 
centre of the sectionsn, were independently drawn and examined by 3 different operators, and 
the number of growth rings they determined were averaged. In this way, growth rings were 
counted on a total of 621 transects. As annual growth rings does not develop into the central 
part of the colony (core), during the first 4 years of colony life (Marschal et al., 2004), 4 years 
were added to the ages determined by counting rings.  
The reliability of growth rings counting was checked independently by three different 
researchers following a two factor ANOVA (Underwood 1997), which factors where: 
observer (3 levels) and age classes (5 levels). Five colonies, (replicates) for each level were 
examined. 
It was necessary to demonstrate this point, because the growth rings are not exactly 
defined: they can overlap, appear and disappear, and it is not so simple to follow them all 
around the centre. That is why there was some variability in the counting and it was preferred 
to check if this variability was statistically significant. 
The sectioned colonies were grouped in different annual age classes on the basis of 
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the number of growth rings (Marshall et al. 2004; Gallmetzer et al. 2010). Only a subsample 
of 40 (out of 69 examined) intact colonies (i.e. detached from the rocks with their basis) of 
regular shape (with a nearly elliptic section) and different size was suitable to determine a 
relation between age and mean diameter. This relationship was applied to estimate the age of 
the other colonies which age could not be determined by the thin section-organic matrix 
staining method, due to the irregularities reported below. Finally, the average annual growth 
rate was calculated and the relationship between the average annual increment of basal 
diameter and the age of colonies was checked by Pearson’s linear correlation coefficient. 
 
1.3 Results 
 
1.3.1 Population sexual and size structure 
Overall, 1977 polyps belonging to 195 colonies were dissected to examine their sex. 
In only 2 cases was not possible to determine colony sex.  The majority of the colonies 
examined (N = 176, i.e. 90.3%) were reproductive (in an advanced reproductive stage). The 
sex ratio of the population (92 females vs. 84 males) does not differ significantly from 1:1 (χ2 
=0.36 NS) (Fig. 4).  
 
 
Fig. 4. Subdivision of collected colonies into sex classes. 
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Nearly all polyps and colonies were gonochoric; only one hermaphroditic polyp was 
found. 
The average fecundity of female colony polyps varied between 0.05 and 3 oocytes or 
planulae per polyp with an average value of 0.83 oocytes per polyp. These values are 
consistent with those previously measured in other shallow populations (0.87, Santangelo et 
al. 2003; 1 ± 0.7, Torrents and Garrabou 2011), and corresponds to an average reproductive 
output of 437±177.8 (SE) oocytes or planulae for each colony of the sampled population. The 
highest fecundity was reached by a colony with 2376 polyps, a polyp fecundity of 2.69 and 
an overall reproductive output of 6389 mature oocytes. This colony was 11.1 cm tall, with 
average diameter of 12.5 mm and a branching pattern of 5
th
 order. It was the oldest, with an 
estimated age of 93 years. 
The distribution of colonies (N = 84) in different size (basal diameter) classes is 
reported in Fig.5. Colonies smaller than 5 mm were likely underrepresented due to the 
selectivity of sampling towards larger specimens (Santangelo and Bramanti 2010). 
 
 
Fig.5. Distribution of colonies into 1 mm diameter classes (N = 84). 
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About 2/5 (38.1%) of colonies is larger than the actual fishing limit (7 mm) recently 
proposed by GFCM FAO (Ajaccio 2011) for all the Mediterranean countries. About 1/5 of 
colonies (19.05%) showed a basal diameter equal to or larger than 8 mm (the current fishing 
limit in some countries). Finally the 9 mm limit, recently proposed as the minimum limit for 
fishing (GFCM FAO Alghero 2010) is exceeded only by 13.1% of colonies. 
The distribution of colonies (N = 87) in different height classes is reported in Fig.6. 
Colonies smaller than 5 cm were grouped together and they were underrepresented for the 
same reason reported above. 
 
 
Fig.6. Distribution of colonies into 1 cm height classes (N = 87). 
 
The branching pattern (N=103) showed a wide variability ranging between the 1
st
 and 
7
th
 order and the modal order class is the 3
rd
 (Fig. 7).  
 
0.00 
5.00 
10.00 
15.00 
20.00 
25.00 
F
re
q
u
en
cy
 (
%
) 
Colony height (cm) 
27 
 
 
Fig.7. Frequency distribution of branching pattern (N = 103). 
 
The relationship between weight and diameter of the base of the colonies is well fitted 
by a power equation with positive exponent (y = 0.0619·x
2.4065 
R
2
 = 0.697, P < 0.01; Fig. 8, N 
= 74), underlining the progressively faster increase of colony weight with the increase colony 
size. On the contrary, the relationships between height and diameter and between weight and 
height were not significant. 
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Fig. 8. Size (mean basal diameter)-Weight relationship (N=74). 
 
 
1.3.2 Age determination and diameter growth rate estimation 
 
Once stained, each thin section was examined (see Material and Methods section) 
(Fig. 9). The average value was likely the most reliable age of the colonies examined.  
The ANOVA results (Tab.1) indicate a significant difference between the size groups 
but not among the observers (p < 0.96 and p < 0.001, Nat Log data transformation; Cochran's 
Test C = 0.1817 NS), confirming the similarity between the three different measurements and 
thus the validity of the results obtained, indicating a limited variability among different 
observers (lower than that occurring within 5 age classes corresponding to an interval of 5 
years). This notwithstanding the fact that the section in Fig.9 is the best one; in many other 
cases, it was much more difficult to count the rings (Fig. 10a) or it was not possible at all 
(Fig. 10b).  
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Fig.9. Thin-section showing annual growth rings (20 x) and transects followed. 
 
 
 
  
a)       b) 
Fig.10. Two thin sections in which it was very difficult to count the rings (a) or it was impossible 
(b). 
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DF MS F P 
oss (3) 2 0.003 0.04 0.96 
age (5) 4 1.1587 174.53 0.00 
oss x age 8 0.0032 0.5 0.85 
RES 60    
TOT 74    
 
Tab.1. Two factor ANOVA testing the variability in age determination between 3 
different observers and that between groups of colonies of similar age (5 age classes). 
 
Through the age and diameter of the 40 colonies examined, it was possible to 
calculate the annual growth rate of individual colonies and of the population. The average 
growth rate was 0.26 mm/y, slightly higher than that reported for shallow red coral 
populations (Garrabou and Harmelin 2002; Marschal et al. 2004; Torrents 2007; Gallmetzer 
et al. 2010).  The best fit of these data (Fig. 11a, N = 40) is a monotonic power curve with 
positive exponent (y = 1.3257 x
0.4947
; R
2  
= 0.589, P < 0.01). As a matter of fact, these data 
could be fitted also by a linear regression (y = 0.126x + 3.3439; R
2 
= 0.628), but we chose the 
power curve as we found that the growth decreases with age. 
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Fig.11.a). Relationship between average basal diameter and age of the colonies, 
determined by thin sections, (N = 40).  b) Trend of colony growth rate with age in the same 
sample. 
 
The equation previously reported (Fig. 11a), was then applied to estimate the age of a 
larger sample, including all the colonies which age could not be determined by direct 
counting of growth rings, increasing thus the number of colonies for which age was 
estimated.  
The growth rate follows a regular decreasing pattern in relation with age, well fitted 
by a monotonic curve with negative exponent (y = 1.3286 x
-0.506
; R
2
 = 0.598, P < 0.01, Fig. 
11b). This curve suggests a decreasing pattern of colony growth rate with age increase.  
 
1.3.3 Population age structure 
 
The oldest one of the 69 colonies sample was 54 years old, with a diameter equal to 10 
mm, whereas the youngest colony was 10 years old, with a diameter of 4.13 mm. 
The population age/size structure of a larger sample (N = 88) is reported in Fig. 12. The 
age of 97.7% of colonies ranges between 6 and 55 years: this last value can be considered to 
represent the population life-span. Only two colonies of this larger sample, reached 69 and 93 
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years. The latter age can be considered the maximum life span in this population. Most of the 
colonies (51.1%) fall in the 21-25 and 26-30 age classes; the 31-35 years class, corresponding 
to 7-7.9 mm in basal diameter, represents the 12.5%. Overall, the colonies larger than 7 mm 
and those larger than 9 mm (the two size limits proposed by FAO-GFCM in 2011 and 2010) 
are 38.1 and 13.1% of the whole sample, respectively. 
Due to the selectivity of sampling towards larger sizes, colonies smaller than 5 mm are 
underestimated and thus the left shoulder of the size distribution curve (Fig. 12) is likely not 
representative of the real population structure.  
 
Fig.12 Population age/size structure (N = 88). Arrows indicate 1) the age class 
corresponding to colonies larger than 7 mm (the size approved by the Ajaccio GFCM 2011) 
and 2) 9 mm (the size proposed by the Alghero GFCM 2010) (basal diameter). 
 
1.4 Discussion 
 
Knowledge about the demographic structure of slow growing, long lived, 
overexploited species is basic for their rational management and conservation. Gorgonian 
corals are long-lived habitat-forming species (Gili and Coma 1998, Roark et al. 2006) some 
of which, due to their high economic value, are subject to intense harvesting (Tsounis et al. 
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gorgonian coral, however the demographic structure of deeper populations (the main target of 
professional harvesting nowadays) is still largely unknown. In this chapter the main 
demographic features of the red coral population living between 50 and 130 m in the NW and 
Central Italian Mediterranean Sea (Tuscan Archipelago, Amalfi Coast and Ischia Island) was 
examined.  
Overall, red coral colonies were found in 89% of the surveys and in all the areas 
explored, even if showing a large range of abundance (1 ˗ 100 col m-2) and size (2.6-12.5 mm 
in average basal colony diameter, 0.61 ˗ 59.78 g in weight and 1.3 ˗19.25 cm in height). The 
high frequency with which red coral deeper colonies where found during this cruise suggests 
that the frequent occurrence along the Italian Western Mediterranean of shallow populations 
previously reported  (Bramanti et al. 2011), occurs also for deeper populations. 
The sex ratio was balanced and the sexual status of the population was almost 
completely gonochoric at both the colony and polyp levels (only one hermaphroditic polyp 
was found), confirming the high frequency of a balanced sex ratio (whenever samplings were 
sufficiently large; Kahng et al. 2011) and a general dominance of gonochorism in octocorals 
(Vighi 1972, Benayahu et al. 1989, Brazeau & Lasker 1990, Kahng et al. 2011, Cupido et al. 
in press). The majority (90.3%) of colonies were reproductive (and in an advanced 
reproductive stage) confirming that the female maturation cycle ends in full summer like in 
shallow populations (around the end of July; Santangelo et al. 2003). Polyp fecundity was 
similar to that previously measured in a shallow populations of the Tuscany coast (0.83 this 
study vs. 0.87 oocytes or planulae per polyp at Calafuria, Italy; Santangelo et al. 2003). All 
these findings were determined on a sufficiently large number of polyps and colonies (1977 
and 195) and their soundness is also straightened by the low number of colonies (2) which 
sex was not determined (Kahng et al. 2011). 
Also if polyp fecundity was similar, it should be worth to compare the fecundity of 
these colonies with that previously measured in the shallow red coral population cited above 
in which the largest female colony produced only the 6.8 % of the mature oocytes and 
planulae produced by the largest colony found in the colonies of the deep population studied 
here (242.6 vs. 6389 oocytes or planulae colony
-1
, respectively; data in Santangelo et al. 
2007). As this largest colony, like the others belonging to the larger/older classes, showed the 
highest reproductive output, any reduction of polyp or colony fecundity with age can be 
excluded; on the contrary, the increase of fecundity with colony size and age, previously 
hypothesised for the oldest colonies (Tsounis et al. 2006) is here confirmed. The finding of 
this longevity and fecundity record strongly support that a higher reproductive output in 
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deep-dwelling populations could occur, due to the larger size of their colonies. An 
exponentially higher fecundity of larger colonies in deep populations could balance their 
lower density compared to that of shallow populations (Santangelo et al. 2003, Tsounis et al. 
2006).  
If the branching pattern of the colonies of this population is compared with that 
reported by Angiolillo and coll. for a deep, over harvested red coral population dwelling in 
the South Tyrrhenian Sea (Calabria, Italy; Angiolillo et al. 2009), remarkably  higher values 
are evident (7
th
 order vs.  4
th
), indicating larger colonies in the former population.  
Age and diameter were significantly correlated allowing thus to estimate colony age 
on the basis of colony diameter. On the contrary, the relationships between height and age, 
height and diameter and between weight and height were weak, probably due to the lack of 
colonies of smaller sizes and to the progressive increase in the number of branches leading to 
a weight increase to which a proportional increase in colony height does not correspond.  
The population examined have been harvested in different times and with different 
intensity, however about 40% of their colonies are still above the commercial size (7 mm of 
averaged basal diameter); their age (assessed by growth rings counting) ranges between 10 
and 54 years and two colonies should have an estimated age (on the basis of their diameter) 
of 69 and 93 years, approaching so the highest values reported in literature for this species 
(Garrabou and Harmelin 2002). According to Rossi and coll. (Rossi et al. 2008) 46-79% of 
deep dwelling colonies surveyed by ROV at Cap de Creus were large enough to be harvested. 
These percentages are remarkably higher than in shallow populations (8.9 % at Cap de Creus 
and only 0.13% at Calafuria (data in Tsounis et al. 2007 and Santangelo et al. 2007). Also if 
these data have been collected in a different way, the overexploitation of this shallow water 
populations is however evident (Gallmetzer et al. 2010).  
Age assessment allows setting out some main conclusions synthesised as in the 
following points.  
1) Colony growth rate (basal diameter) found (0.26 vs. 0.24 mm/y) is slightly higher 
in this deep-dwelling population than the average values found in the majority of the shallow 
populations studied.  
2) Colony growth slightly but clearly decreased with age, suggesting some error can 
be made if a linear correlation between these two parameters will be applied to estimate age 
from colony diameter. 
3) Also if the population studied harbours larger and older colonies than the shallow 
ones, however the average growth rate of these colonies was higher (+ 8%), further 
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confirming some faster growth could really occur in deep-dwelling populations. This higher 
colony growth rate could be related to the higher feeding rate of deep-dwelling colonies as 
they store a larger energy amount (Rossi and Tsounis 2007), due presumably to a higher 
availability of food and to a greater regularity of underwater currents of the mesophotic 
environment (Gili and Coma 1998; Rossi and Gili 2005; Rossi et al. 2008).  
4) Also if depth cannot be considered as an ecological factor per se (Garrabou et al. 
2002), however the variation of important abiotic factors (light, temperature, water flow, food 
availability, sedimentation), as well as a different fishing pressure, could have led to the 
different gross features of deep dwelling red coral populations in comparison to the shallow 
ones (Santangelo & Abbiati 2001; Costantini et al. 2010).   
5) The population age structure found revealed a large maximal life span (93 years), 
even if only few colonies exceeded 60 years. Moreover the size suitable for legal harvesting 
(7 mm) is reached in about 30 years; also if this value is slightly lower than that found in 
shallow populations (33 years; Bramanti et al. in prep.), this finding highlights that the low 
growth and recovery capability after harvesting occur also in  the deep populations.  
Also preliminary, these results highlight the need of long-lasting pauses between well 
planned harvesting cycles for deep-dwelling populations of this slow growing, long lived, 
over harvested species. The knowledge of these life-history descriptors is basic to our 
understanding of red coral deep population dynamics and to develop ad hoc demographic 
models (Ebert 1999; Caswell 2001) suitable to simulate the trends over time of populations 
subject to selective harvesting of larger colonies, matching harvesting to population growth 
rates.  
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Chapter 2: 
Predation of Corallium rubrum by Pseudosimnia carnea 
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2.1 Introduction 
 
Corals are preyed by a variety of macro-consumers, including polychaetes, 
gastropods, crabs, echinoderms and fishes (Robertson 1970; Glynn 1990; Claremont et al. 
2011 among others). Gastropods in particular, may form dense aggregates which could be 
capable to deeply affect reef corals (Kita et al. 2005). Several studies have been conducted on 
corallivory exerted by gastropods on hexacorals (Hayes, 1990; Turner, 1992; Morton et al 
2002; Baums et al, 2003; Johnston et al 2007; Cumming, 2009a), and on gorgonians 
(Burkepile and Hay, 2007; Evans et al. 2013). Gorgonian corals are among the main reef 
builders in temperate seas, where they play the role of structuring and habitat forming 
species, thus all factors which could affect their population structure may also deeply affect 
the whole community (Cupido et al. 2009). Also if gorgonians are provided with chemical 
and morphological defences against consumers (Van Alstyne and Paul, 1992), gastropods are 
among their main predators, thus deeply affecting their populations. As tissue loss can 
dramatically reduce polyp fecundity in octocorals (Page and Lasker 2012), grazing of 
gastropods could reduce population reproductive output both reducing polyp fecundity and 
the number of fertile polyps per colony. However there is little knowledge about the effect of 
their predation on gorgonian population reproductive features (Rotjan and Lewis 2009). Even 
less is known about the effects of predation by gastropods on red coral (Corallium rubrum, L. 
1758; Abbiati and Santangelo, 1989). This octocoral, endemic to the Mediterranean Sea, is 
the marine species of highest economic value. Because of the bright colour and the 
workability of its axial skeleton, it has been harvested and traded since about 2-3 thousand 
years (Tsounis et al. 2010). This species has been largely overharvested and many 
populations, especially those living in the shallower portion of the species bathymetric 
distribution range, have been depleted (Santangelo et al. 2007). The populations living in the 
deeper part of its bathymetric range (between 60 and 150 m depth within the “mesophotic 
zone”) are the main objects of commercial harvesting nowadays (Santangelo & Bramanti 
2010). This high valuable Mediterranean coral is an historic example of long-lasting 
exploitation dedicated to a single species. Also if these corals reach early maturity and 
experience high recruitment rates (at least in shallow populations; Santangelo et al. 2003; 
Bramanti et al. 2007; Gallmetzer et al. 2010; Santangelo et al. 2012), several populations of 
this long-lived and slow-growing species have been exploited till exhaustion (Tsounis et al. 
2010). Red coral, a gonochoric internal brooder, is one of the less reproductive studied 
gorgonians (Torrents and Garrabou 2011; Santangelo et al. 2012) thus, any disturbance 
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reducing population reproductive output could produce deep and long-term negative impacts 
on population recovery.  
During a scientific cruise carried out in early summer 2010 in the North Western 
Mediterranean (North and Central Tyrrhenian Sea - Italy), dedicated to the study of deep red 
coral banks (Priori et al. 2013), a population dwelling in the Tuscan Archipelago off Elba 
Island, was sampled a few days before the annual spawning period (Santangelo et al. 2003). 
Several collected colonies harboured specimens of Pseudosimnia carnea (Poiret, 1789; 
Prosobranchia, Caenogastropoda, Ovulidae). Predated colonies showed branch sections 
without polyps, covered by mucus and partially covered by egg depositions produced by the 
grazer gastropod. Under the translucent layer of mucus, only few polyps survived (often 
empty) and, in the main part of the affected branches, they were not even visible the asterisk-
shaped traces, typical of retracted octocoral polyps (Priori, personal observation).  
P. carnea is a species-specific partial predator feeding only on C. rubrum colonies: by 
its highly specialised mouth equipped with a tube-like proboscis this gastropod grazes red 
coral polyps (Abbiati and Santangelo, 1989, Fig.1). Notwithstanding this gastropod is rather 
common on red coral colonies below 50 meter depth, no attempt has ever been carried out to 
highlight and quantify the effect of its feeding on the affected  populations. 
Generally this partial predation is considered to have a limited effect in terms of 
gorgonian mortality (Burkpile and Hay 2007; Lasker et al. 1998), however it could have a 
deeper impact on colony reproductive output and thus on population dynamics.   
 
 
Fig.1. Two colonies of Corallium rubrum with a specimen of Pseudosimnia carnea. 
 Arrow indicates eggs deposited by the gastropod. 
 
This chapter aims at assessing the following points:  
1) to assess if P. carnea shows a preference towards female colonies (Fig.2); 
Photo credit: C.Priori 
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2) to assess if there is any significant difference in polyp and colony fecundity between 
healthy and predated colonies;  
3) to quantify the effect of P. carnea grazing on the reproductive output on red coral deep-
dwelling colonies and populations. 
 
 
 
Fig.2. Mature oocytes into the gastro-vascular cavity of a polyp: the yolk is clearly 
visible. 
 
2.2  Material and methods 
 
2.2.1 Sampling 
 
A total of 75 colonies were collected by rebreather SCUBA divers between 85 – 90 m 
depth, in an area located south-west of Elba Island (Tuscan Archipelago – Italy - 42° 41’ N, 
10° 01’ E), within a red coral population dwelling in a well structured coralligenous 
community (Priori et al. 2013) just a few days before their spawning period. Of these 
colonies, 26 (34.7%) had the coenosarcs partially covered by egg depositions and mucus 
layers produced by P. carnea; moreover, some of the collected colonies harboured the snails 
on their branches. Once numbered and photographed, colonies were fixed in formalin 4% for 
further analysis. 
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2.2.2 Sex determination 
 
The main morphometrics (number of polyps and weight) and the reproductive 
parameters (sex ratio, fertility and female fecundity) of fixed polyps and colonies were 
examined. To these targets, for each colony, polyps were counted under stereo microscope 
(6.4 x) at least three times (for the smallest colonies) or until the differences in the counting 
were reduced to few units and the values averaged. Then a part of the polyps were dissected 
and analysed under stereo (20 – 100x) and optical microscope (250 – 1000x). In order to 
examine a representative sample of them, 20 polyps of “smaller” colonies (< 400 polyps), 
and 5% of polyps of larger colonies were examined. A total number of about 1100 polyps 
were dissected. To confirm colony sex determination, histological analyses were also 
performed under the optical microscope. Once dried at room temperature for about a week, 
colonies were weighed (± 0.1 mg).  
The sex ratio, both in the whole sample and in the subsample of predated colonies 
were thus determined and tested by χ2. Fertility and fecundity of female polyps and colonies 
were then measured and the colony and population reproductive output were calculated.   
Colonies were divided in healthy and (partially) predated lots and in each sample 
were examined: 1) polyp fecundity, 2) colony fecundity-to-weight ratio and 3) number of 
polyps-to-weight ratio. These two last parameters were normalized by weight to highlight the 
effects of predation regardless of the colony size. Differences between the two groups of 
colonies in these parameters were checked by the Student t test. 
 
2.3  Results 
Since it was found that P. carnea feeds not only on polyp tissues (Abbiati and 
Santangelo 1989) but also on eggs and spermaries (Priori personal observation), we 
investigated if there was a significant preference of snails for female or male colonies. To 
assess if the sex ratio of predated colonies significantly diverge from casualty, the sex ratio of 
the sample was examined. Out of 75 collected colonies, 40 were females, 32 males and 3 
sterile. Twenty-six out of these colonies (19 females, 6 males and 1 sterile) were predated by 
P. carnea. The sex ratio of the sample did not differ significantly from 1:1 (χ2 =0.89 NS), 
similar to the sex ratio previously determined on a larger sample of the same population 
(Priori et al. 2013).  
The frequency of predation on female and male colonies was significantly shifted 
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towards females (χ2 = 6.76, p<0.01). 
No significant relation between predation frequency and colony size was found. 
The mean polyp fecundity, the mean colony fecundity-to-weight ratio and the number 
of polyps-to-weight ratio, calculated for healthy and predated colonies separately, underlined 
a highly significant difference between the two groups (Tab.1): 
 
 
Mean ± SE Healthy colonies Predated colonies t Student test values 
Fecundity of polyps 0.86 ± 0.13   (N = 20) 0.33 ± 0.06 (N = 19) 
t = 3.54 
p = 0.0011 
Fecundity of col. / 
Weight 
64.58 ± 14.48 (N = 12) 10.16 ± 3.50 (N = 12) 
t = 3.65 
p = 0.00014 
Number of polyps / 
Weight 
72.65 ± 7.19   (N = 37) 42.48 ± 6.61 (N = 23) 
t = 2.86 
p = 0.0057 
 
Tab.1. Corallium rubrum. Comparison of different morphometric and reproductive 
descriptors in “Healthy” and “Predated” colonies. 
 
All 3 parameters were remarkably higher in the healthy colonies; the mean fecundity of 
polyps reduced by 61.6%; the mean colony fecundity-to-weight ratio by 84.3%, and the mean 
number of polyps-to-weight ratio by 41.5%. (Fig.3). The variability (SE) of these parameters 
in the predated colonies was reduced by 53.8%, 75.8% and 8.1%, respectively. The Student t 
test applied to all these parameters, was always significantly higher in healthy colonies (t = 
3.54, p < 0.01; t = 3.65, p<0.01; t = 2.86, p<0.01 respectively). These significant differences 
between healthy and predated colonies underline the dramatic effect of predation on all these 
parameters, reducing in particular, colony fecundity.   
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Fig.3. Corallium rubrum. Comparison of the same morphometric and reproductive 
descriptors listed in Table1. 
 
In the same cruise, along the Amalfi Coast and near Ischia Island (Campania), other 
120 colonies were collected, that did not present any sign of grazing by Pseudosimnia. 
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Therefore Elba colonies were analyzed as a whole, predated and healthy together, and 
compared with the Campania ones (Tab. 2): 
 
Mean ± SE Campania colonies Elba colonies 
Fecundity of polyps     0.72 ± 0.09     (N = 51)     0.66 ± 0.10       (N = 40) 
Fecundity of col. / Weight   32.90 ± 5.80     (N = 17)   37.37 ± 9.24       (N = 24) 
Number of polyps / Weight   58.61 ± 3.54     (N = 78)   61.17 ± 5.33       (N = 61) 
 
Tab.2. Comparison of morphometric and reproductive descriptors in two groups of 
colonies; in the Elba one, there are several colonies predated by P. carnea. 
 
None of the parameters was significantly different between the two groups of 
colonies. 
 
In order to make a comparison, regardless of the predation, a further analysis was 
made (Tab.3, Fig.4) between Campania and healthy Elba colonies: 
 
Mean  ± SE Campania colonies Elba healthy colonies 
t Student test 
values 
Fecundity of polyps 0.72 ± 0.09  (N = 51) 0.86 ± 0.13   (N = 20) 
t = 0.82 
p = 0.41 
Fecundity of col./ Weight 32.90 ± 5.80 (N = 17) 64.58 ± 14.48  (N = 12) 
t = 2.27 
p = 0.031 
Number of polyps/ 
Weight 
58.61 ± 3.54 (N = 78) 72.65 ± 7.19    (N = 37) 
t = 1.96 
p = 0.045 
 
Tab.3. Comparison of morphometric and reproductive descriptors in two groups of 
colonies; in the Elba one, only healthy colonies were considerate. 
 
Regarding the fecundity of polyps, there was no significant difference between the 
two groups; on the contrary, the mean colony fecundity-to-weight ratio and the number of 
polyps-to-weight ratio were significantly different between the two groups, and shifted 
towards Elba healthy colonies. 
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Fig.4. Corallium rubrum. Comparison of the same morphometric and reproductive 
descriptors listed in Tab.3. 
 
2.4 Discussion 
The high valuable Mediterranean red coral is a slow growing species subject to a long 
lasting exploitation (Santangelo et al. 2007); it has a long life-span thus, during its life cycle, 
it can be exposed to a variety of ecto- and endo-parasites (Corriero et al. 1997) and to the 
species specific partial predation exerted by a gastropod (Abbiati & Santangelo 1989). 
During a cruise dedicated to deep-dwelling, mesophotic red coral populations, sponges, 
polychaetes and hydroids were found on or into several colonies, but none of them was so 
frequent as the gastropod Pseudosimnia carnea: in fact, 34.7% of the sampled colonies 
showed > 5% of their surface covered by egg depositions and/or by a thin layer of mucus 
from the predator or even still harboured the predator snail. Any disturbance affecting red 
coral colonies, reducing their fecundity, could produce long-term negative impacts on 
population survival and recovery. Quantification of this predation on the affected population 
should be done. These findings suggest that predation could dramatically reduce this 
commercially valuable species. The availability of sound data on reproduction, colony 
growth and size/age structure of this population (Priori et al. 2013) allowed us to investigate 
the effects of P.carnea on its demographic parameters.  
As this research was carried out just before spawning, and 96% of the colonies were 
ripe when collected, it was possible to assess any difference in reproductive parameters 
between healthy and predated colonies. 
We found significantly lower values of all the reproductive parameters in the predated 
colonies; in particular the mean polyp fecundity was 38.4% and the mean colony fecundity-to 
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weight ratio was 15.7% of the values measured in healthy colonies; this last finding 
highlights a dramatic reduction of colony and population reproductive output in the harvested 
populations of one of the less reproductive gorgonians. 
Under the layer of eggs and mucus of the gastropod, polyps were empty or even swept 
clean for long stretches of branching. After predation, it is thus possible that the coenosarcs 
recovered erasing all traces of the former presence of the polyp. Grazing has not only reduced 
the mean values of the three reproductive parameters, but even their variability (standard 
error) that is reduced in all the cases. This could be explained by a homogenising effect of 
predation on the variability of the reproductive parameters that reduces the differences 
between the colonies. 
Moreover, as this research was carried out during the breeding season, a significant 
selectivity of the predator for female coral colonies was clearly highlighted, likely due to the 
greater nutritional value of eggs in comparison with spermaries. It is not known in which way 
gastropods are able to make their choice, since the coral presents no sexual dimorphism, 
however gradients of chemical signals produced by female colonies could likely direct the 
gastropod towards them (Kita et al 2005).  
It is noted that, in spite of the predated colonies included between them, the Elba 
population is not significantly different respect to the Campania one as regards the mean 
fecundity of the polyps, the mean colony fecundity-to-weight ratio and the mean number of 
polyps-to-weight ratio. 
When only Elba healthy colonies are considered, for 2 out of 3 parameters their 
performance are greater than those of Campania ones. Only the mean fecundity of polyps is 
not significantly different. 
This could be due to better environmental conditions, such as the quality of water: in 
fact, Elba colonies were collected all in a MPA, whereas part of Campania ones were 
collected in a non-protected area (Amalfi Coast), where they could have suffered of pollution, 
for example. 
This analysis has shown that there is indeed a quantitative and significant effect on the 
main morphometric and reproductive parameters of coral, especially on the colony 
reproductive output, that is the parameter most sensitive to the gastropod predation, as it 
reduced by about 84%. The consequent dramatic reduction of the population reproductive 
output could have long-term effects on the dynamics of the predated populations and on their 
resilience to intense harvesting and to anomalous mortality increase linked to global climate 
change.  
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Chapter 3:  
 
ROV investigation 
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3.1 Introduction 
ROV surveys have the evident advantage to be a non-destructive analysis method, by 
which it is possible to obtain a wide wealth of data without sampling of colonies. This point 
is particularly important when the study subject is an overharvested species such as 
Corallium rubrum. During the 2010 cruise more than 3000 pictures (patches, from now 
onward) and 82 hours of video were taken, that were analyzed in order to compare data 
derived from collected colonies (Chapter I) with those achievable from the images. If the 
comparison proved consistent, then in the future we could collect data on red coral 
populations without recourse to withdrawals of colonies, de facto killing them. 
 
3.2 Method 
The ROV (Remotely Operated Vehicle) POLLUX II (Global Electric Italiana) was 
equipped with a digital camera (Nikon D80, 10 megapixel), an underwater strobe (Nikon SB 
400) and a high definition video camera (Sony HDR-HC7). Photo, video and HD video were 
taken and used in order to identify and quantify the red coral colonies. In addition, it was 
equipped with a three laser beams that provide a scale to define width of frames.  
The ROV (Fig.1) is equipped also by a depth sensor, a compass, and an underwater 
acoustic tracking position system (Tracklink 1500 MA, LinkQuest) providing detailed 
records of the track along the seabed. Geographical positions and depth were recorded at the 
start and end of each transects. The bathymetric range assessed in this study was selected to 
cover the depth between 50 and 200 m. The average field of each studied image is 3.5 ± 0.2 
m
2
. All transects were recorded by ROV. Track samplings were not linear, as they were 
carried out following the bottom and looking for the coral, which distribution is patched and 
highly localized on boulders, steep walls and overhangs. 
To quantify abundance (occupancy and density) and biometry data of red coral 
colonies, a random photographic sampling was carried out along the transects. The frames 
were processed by Image J software (http://rsbweb.nih.gov/nih-image), using as scale 
reference three laser dots, to delimitate units sampling (quadrate 50x50 cm) and counted the 
number of colonies. 
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Fig.1. The ROV utilized during the 2010 cruise. Red arrow: location of the camera; 
yellow arrow: location of the video camera. 
 
3.3 Results 
3.3.1 Presence 
Overall 28 ROV surveys of about 1 hour each at an average speed of 0.5 knots (i.e. 
each survey was about 0.5 n.m. long) were conducted, corresponding to a total distance of 14 
n.m. and a time-recording of about 28 hours. Red coral was found in the 89% of the surveys 
(25). Overall 660 m
2
 of coral patches have been examined. 
  Out of the 25 positive ROV surveys, 1650 50x50 cm frames (useful sampling units) 
on several organisms (fishes, lobsters, sponges, other gorgonians, etc.) have been obtained, 
and 988 on red coral. Colonies were single or grouped in patches of 13.2 ± 9.3 specimens in 
each frame, on average. Colony density varied between 1 and 100 colonies/m
2
.  
 
3.3.2 Occupancy 
The analysis of occupancy (number of patches with coral along 1 m of transect) 
revealed a significantly higher frequency of encounter at Ischia Island respect to Amalfi 
Coast and Elba-Pianosa Islands (Tab. 1, Fig. 2). The trend of the occupancy with depth 
showed that at Amalfi there are more colonies between 50 and 70 m than at greater depths 
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(Fig.3); the same situation was found at Elba-Pianosa, where the frequency of encounter 
decreases with depth (Fig.4). At Ischia, on the contrary, the occupancy grows with depth 
between 50 and 110 m, afterwards it overturns and decreases (Fig.5).  
 
 
 N Mean ± SD 
Amalfi 4 0.053 ± 0.013 
Ischia 4 0.199 ± 0.045 
Elba-Pianosa 7 0.054 ± 0.055 
  
 Tab. 1. Occupancy values in each area, given as mean ± standard deviation; N =  
  number of transects suitable for the analysis. 
 
 
 
Fig. 2. Box-plot for the data of occupancy of the three areas: the squares indicate means; 
boxes the first and third quartile and the line indicates the range between the maximum value 
and minimum.  
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Fig.3. Trend of occupancy of red coral with depth at Amalfi. 
 
 
Fig.4. Trend of occupancy of red coral with depth at Elba-Pianosa. 
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Fig.5. Trend of occupancy of red coral with depth at Ischia 
 
3.3.3 Density and its bathymetric distribution 
Density of red coral (col/m
2
) in the three areas has been determined: the lowest value 
has been found in Amalfi (35.56 col/m
2
 on average) whereas the highest value has been found 
at Ischia Island (64.47 col/m
2 
on average). The distribution of densities is shown in Fig.6: the 
squares indicate means; boxes the first and third quartile and the lines indicate the range 
between the maximum value and minimum. 
 N Mean ± SD 
Ischia 137 64.47 ± 44.16 
Elba-Pianosa 83 50.52 ± 30.63 
Amalfi 73 35.56 ± 30.16 
Tab.2. Density values (col/m
2
) in each of the three areas examined.  
 N = number of patches used for the analysis. 
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Fig.6. Box-plot for the values of density in the three areas: the squares indicate means; boxes 
the first and third quartile and the lines indicate the range between the maximum value and 
minimum.  
Variations of coral density at different depths in the studies areas have been 
determined (Fig. 7). The series of histograms in the gray background of the figure indicate 
the sampling effort expressed in linear meters of bottom explored divided into three types 
considered (see legend; in the term "coralligenous" are included rocky conformations such as 
isolated boulders; with the term "movable bottoms" is indicated a type of substrate that does 
not host Corallium rubrum). 
At Amalfi we can see a bimodal trend with a first peak of the average values between 
55 and 60 m depth (50 colonies/m
2
). After this peak the values decrease until 95 m depth and 
then they increase again until 108 m. The ROV exploration has revealed a greater presence of 
vertical or sub-vertical walls, which confirms what we have seen from the maps and 
multibeam seafloor for a total of 1539 m explored. 
At Ischia we note an evident bimodal trend with a first peak of values between 60 and 
65 m (102 colonies/m
2
) and the second between 100 and 105 m depth. The deepest colonies 
of Corallium rubrum were found at 123 m. Along the 676 m of bottom explored, the ROV 
mostly found vertical walls. 
At Elba-Pianosa we found a bimodal distribution with peaks between 65 and 70 m (64 
colonies/m
2
) and between 80 and 85 m (48 colonies/m
2
). The analysis of the sampling effort 
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of 1297.8 m of bottom explored, has detected the total absence of vertical walls, confirming 
what occurred from Multibeam. The red coral colonies are located on the edge of boulders 
placed on a plateau formed by sand and sediments. 
 
 
Fig.7. C.rubrum density bathymetric distribution in the three study areas. 
 
3.3.4 Morphometric parameters 
By means of laser beams, we have tried to obtain data on colony size, as regard to 
diameter, height and order of branching. The distribution of colonies into diameter classes 
should be considered with caution, since the measurement of a size in the order of mm cannot 
be definitely precise. It is possible anyway to consider the distributions obtained as indicative 
of the real situation. 
In Amalfi we found a unimodal distribution with a greater representation of the fifth 
(4-4.99 mm), sixth (5-5.99 mm) and eighth (7-7.99 mm) size class (Fig.8). 
In Ischia we found a distribution of the same kind, with a predominance of the fifth, 
sixth and seventh (6-6.99 mm) size class (Fig. 9). 
In Elba-Pianosa the predominat classes were the sixth, seventh and eighth (Fig. 10). In 
this area the maximum value has been found, with a colony having a diameter of 24.6 mm.  
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In Amalfi and Ischia 16 size classes have been identified and 15 at Elba-Pianosa.  
 
 
Fig.8. Distribution of Amalfi colonies into 1 mm diameter classes (N = 202). 
 
 
Fig.9. Distribution of Ischia colonies into 1 mm diameter classes (N = 217). 
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Fig.10. Distribution of Elba-Pianosa colonies into 1 mm diameter classes (N = 198). 
 
The distribution of colonies in height classes in the three areas is shown in figg. 11-13. 
These results are more reliable since the size is of the order of cm. 
In Amalfi 11 height classes were found; the predominant one was the 6-8 cm. 
In Ischia 13 height classes were found and the predominant one was the 8-10 cm. 
In Elba-Pianosa 10 height classes were found and the predominant one was the 4-6 
cm. 
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Fig. 11. Distribution of Amalfi colonies in height classes. 
 
 
Fig. 12. Distribution of Ischia colonies in height classes. 
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Fig. 13. Distribution of Elba-Pianosa colonies in height classes. 
 
The overall branching pattern for the three areas (N = 617) ranged between the 1
st
 and 
5
th
 order; 70% of the colonies belonged to the second and third order (Fig. 14). These results 
highlights the limits of the method, since with the direct counting of the sampled colonies, the 
maximum order was the 7
th
 (Fig.7, Chapter I). 
 
 
Fig.14. Frequency distribution of branching pattern (N = 617). 
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An interesting data is the proportion of colonies of commercial size and over; it is 
represented in Fig.15, where we can see that the percentage ranges from 42 to 51%. 
Nevertheless, for the same reasons mentioned before, these outcomes must be considered 
with caution. 
 
Fig.15. Percentage of colonies whose basal diameter is at least 7 mm. 
 
3.3.5 Age structure 
Once got even a rough measurement of the diameter, to each photographed colony 
was assigned an age using the equation diameter-age obtained in the first chapter. The 
distribution of colonies in different age classes in each of the three areas is shown in figg. 16, 
17 and 18. It’s remarkable that the classes 6-10 and 11-15 are the most representative at 
Amalfi; the classes 6-10, 11-15, 16-20 and 21-25 at Ischia; the classes 11-15, 16-20 and 26-
30 at Elba-Pianosa. 
The right part of the distributions, marked in red, correspond to not reliable results, 
due to the age determination method as a function of diameter. The relation between age and 
mean diameter, found in Chapter I, was an exponential function tending to an asymptote, so it 
becomes inaccurate for the greatest and oldest colonies: a little error in determining the 
diameter can cause a great mistake in the estimation of age; for this reason a threshold of trust 
to this method was then given. 
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Overall, the highest estimated age was 114 years. The second, third and fourth classes 
were the most represented in Amalfi and Ischia, whereas at Elba-Pianosa  they were the third, 
fourth and sixth. It can be noted a significant decrease, in all the areas, of the 31-35 years age 
classes and over, corresponding to the size classes for which the harvesting is legal (≥7 mm; 
see the arrows in the figures). 
 
 
Fig.16. Distribution of Amalfi C.rubrum colonies in 5 years age classes. Arrow: the 
  age class to which corresponds the legally harvestable size. 
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Fig.17 Distribution of Ischia C.rubrum colonies in 5 years age classes. Arrow: the 
  age class to which corresponds the legally harvestable size. 
 
 
Fig.18. Distribution of Elba-Pianosa C.rubrum colonies in 5 years age classes. Arrow: 
  the age class to which corresponds the legally harvestable size. 
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3.3.6 Relationship between red coral density and environmental 
descriptors 
3.3.6.1 Exposure 
Data derived from the percentage of patches with red coral found on a substrate 
variably exposed were processed in order to obtain values of frequency, divided into 8 
quadrants (N, NE, E, SE, S, SW, W and NW). The degree of exposure for each patch is 
detected by the ROV during the transect.  
At Amalfi (Fig. 19) two exposures were predominant (W and NW, 34% both), due to 
the orientation of the coast.  
At Ischia 41% (57 out of 137, Fig. 20) of the patches with red coral revealed a 
tendency for colonies to be exposed to the east; the two prevalent exposures were E and SE 
that reached 60% of the frequencies. This can be explained by the Punta S.Angelo direction, 
toward south, and by the location of the area explored, at south-east of the coast. 
At Elba-Pianosa (Fig. 21) instead we found a nearly homogeneous distribution of 
frequencies with percentages for each fixed quadrant, not exceeding 16%; this is due to the 
presence of boulders on the seabed instead of walls (Fig. 22).  
These findings are confirmed by the χ2 tests (Amalfi: χ2 = 86.89; p = 5.375*10-16; 
Ischia: χ2=125.13; p = 6.527*10-24; Elba-Pianosa: χ2 = 8; p = 0.332. df = 7). The Shannon-
Weaver index showed that Elba-Pianosa is the area with the most heterogeneous exposure (H 
= 2.026), follows Ischia (H = 1.715) and finally Amalfi (H = 1.426). The shape of the seabed 
sets constraints to the settlement of the colonies; not all the exposures are possible, so a 
relationship between density and exposure was searched for each area.  
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Fig.19. Left: satellite view of the Amalfi Coast. Right: distribution of C. rubrum according to 
 the exposure in the same area. 4-Point Stars: locations of the study areas 
 
 
 
 
Fig.20 Left: satellite view of Punta S.Angelo. Right: distribution of C. rubrum according to 
 the exposure in the same area. 4-Point Star: location of the study area. 
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Fig.21. Left: satellite view of Elba-Pianosa. Right: distribution of C. rubrum according to 
 the exposure in the same area. 4-Point Stars: locations of the study areas. 
 
 
Fig.22. Isolated boulders on the Elba-Pianosa seabed: here red coral colonies can 
  settle all around, with no preference for a particular compass heading. 
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3.3.6.2 Sedimentation 
Sedimentation can be another limiting factor to red coral settlement; the next three 
figures show the distribution of deep C. rubrum colonies in relation with the degree of 
sedimentation of the three studied areas, expressed as percentage of patches taken (with red 
coral) in an area with different levels of this factor (low, medium or high). 
At Amalfi (Fig. 23) there is a clear, nearly homogeneous distribution of frequencies. 
The χ2 test does not detect a statistical significance between expected and obtained 
frequencies (d.f. = 2; χ2 = 0.602; p = 0.803).  
The situation at Ischia (Fig. 24) is totally different: here almost all the patches (97%) 
show the coral in an environment with medium degree of sedimentation. The χ2 test found a 
statistical significance between expected and obtained frequencies (df = 2; χ2 = 45.79; p = 
3.643*10
-55
).  
At Elba-Pianosa (Fig. 25) we found a different situation: 51% of the pictures show red 
coral in medium degree of sedimentation, 48% in a low degree and only 1% in a high degree. 
The differences were statistically significant (χ2 = 45.29; p = 4.097*10-9). 
 
 
Fig. 23. Distribution of C. rubrum in relation with the sedimentation degree at Amalfi. 
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Fig. 24. Distribution of C. rubrum in relation with the sedimentation degree at Ischia. 
 
 
 
Fig. 25. Distribution of C. rubrum in relation with the sedimentation degree at Elba-Pianosa. 
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3.3.6.3 Inclination degree 
 
Finally, the distribution of colonies in relation to the substrate inclination was 
examined. On the basis of the coral location on the substrate, shown in the photographs, the 
colonies were divided into "on an inclined plane" (sloping, 45°), "on a vertical wall" (vertical, 
90°) and "on an overhanging wall" (overhanging, 135°).  
At Amalfi (Fig. 26) 55% of the patches showed red coral on vertical walls, whereas 
only a little part of pictures portrayed it overhanging. The χ2 test was statistically significant 
(χ2=19.75; p=5.13*10-5).  
At Ischia (Fig. 27) just 3 pictures out of 137 displayed Corallium rubrum on sloping; 
the others are almost equally divided between vertical and overhanging. 
At Elba-Pianosa (Fig. 28) the situation is similar to Ischia’s. The frequencies of the 
three different slopes were statistically different (Ischia: χ2=63.33; p=1.76*10-14; Elba-
Pianosa: χ2=22.08; p=1.61*10-5). The data relating to the distribution according to the 
substrate inclination show a greater tendency of C. rubrum to settle in vertical or overhanging 
surfaces, so as to avoid an excessive sedimentation, recognized as a limiting factor for the 
recruitment (Garrabou et al. 2002). 
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Fig. 26. Distribution of C. rubrum colonies respect to the substrate inclination at Amalfi. 
 
Fig. 27. Distribution of C. rubrum colonies respect to the substrate inclination at Ischia. 
 
Fig. 28. Distribution of C. rubrum colonies respect to the substrate inclination at Elba-
Pianosa. 
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3.4 Discussion 
 
The analysis of video and images taken by ROV allows drawing some main 
conclusions. This method has the indisputable advantage of wide collection of data without 
direct sampling of colonies and then without a further depletion of a species already subjected 
to strong anthropogenic pressures. Nevertheless, during the elaboration of the data, ROV 
sampling revealed its limitations at least in the present state of its development. In fact, if at 
one hand we have had good results with regard to the exposure, the sedimentation and the 
measures of occupancy and density, on the other hand the results were less reliable as regards 
colony diameter measurement. This has led, through the relationships mean diameter-weight 
and mean diameter-age, determined on data obtained directly from the collected colonies 
(Cap. I, pages 27 and 30), to an uncertain determination both on age and on biomass of 
colonies. Strangely, the graphics on the distribution of mean colony weight with depth 
showed a peak at 50-70 meters, where there were larger colonies than at 70-90 meters, 
especially in Ischia; this would make it absurd, as coral harvesters dive up to 80 meters and 
more to take the larger colonies. 
We have hypothesised 2 possible explanations for this anomaly, that is, moreover, in 
contrast with what we saw during the cruise: 
1- When we directly measured the colonies with calliper, we took mean diameter, 
and if the difference between minimum and maximum was too great (because the 
colony was branching too close to the base) we rejected the data, considering it 
not reliable. The ROV, in only one picture, can’t do this discrimination, so it’s 
probably that the diameters were overestimated and, consequently, ages and 
biomasses too. 
2- There could be a real difference in the shape of colonies at different depths, since 
red coral is a passive suspension feeder that needs to have the best exposition 
possible to the water currents. In shallow waters there are predominant currents 
that lead the colonies to direct their fans orthogonally to them; this fact could 
influence the develop of the colony base, inducing a greater increase of diameter 
in a sense instead than in the other; for this reason, at 50 m depth colonies could 
have a more elliptic shape of the base than at 90, where currents are more uniform 
and the colonies can have a more regular (circular) shape. So, the firsts appear 
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greater than the latters. 
Whatever the reason, this failure in measuring diameter can have important practical 
consequences for the conservation of red coral: recently, coral fishermen asked to use ROV to 
evaluate colony size and directly collect colonies by ROV, without diving. Since this research 
showed that this method overestimates colony size, of course the same would be for 
harvesters, which would take colonies below the legal size. For this reason, it is worth that 
ROV will be allowed only for the exploration of the seabed and not for coral fishing.  
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General conclusions 
The aim of my PhD thesis has been to investigate, for the first time, the demography of deep 
populations of Corallium rubrum (Octocorallia Gorgonacea). This valuable species has been 
harvested and traded for more than two thousand years and many populations, especially the 
shallow ones, have been depleted. The main life-history traits of deeper populations (the main 
target of current harvesting) are still largely unknown. For this reason, a scientific cruise was 
carried out in 2010 in order to gather data about deep populations dwelling in the North and 
Central Tyrrhenian Sea. Collected colonies and images/video recorded between 50 and 130 m 
depth have provided a great wealth of information, useful for the management of this 
overharvested species.  
Hereafter, the results achieved. 
 
Population sexual and size/age structure.  
 
On the basis of a sample of colonies were determined that: 
 
● the majority (90.3%) of colonies were reproductive (and in an advanced 
reproductive stage); 
 
● the sexual status of the population was almost completely gonochoric at both the 
colony and polyp levels; 
 
● the sex ratio was balanced (it did not significantly differ from 1:1);  
 
● polyp fecundity was similar to that previously measured in a shallow populations of 
the Tuscany coast (0.83 this study vs. 0.87 oocytes or planulae per polyp at Calafuria, Italy; 
Santangelo et al. 2003). An average reproductive output of 437±177.8 (SE) oocytes or 
planulae for each colony of the sampled population was found. 
 
● The distribution of colonies in different size (basal diameter) classes showed that 
about 2/5 of colonies is larger than the actual fishing limit (7 mm). The most represented 
class is the 5-5.99 mm;  
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● The age of a subsample of colonies was determined through the counting (on thin 
sections of the colony base) of the annual growth rings: results showed that the most 
represented age classes are the 21-25 and 26-30 years.  
 
● The population age structure revealed a large maximal life span (93 years), even if 
only few colonies exceeded 60 years. 
 
● Age and diameter were significantly correlated allowing thus to estimate colony age 
on the basis of colony diameter. The size suitable for legal harvesting (7 mm) is reached in 
about 30 years.  
 
● Colony growth rate (basal diameter) found (0.26 mm/y) is slightly higher in this 
deep-dwelling population than the average values found in the majority of the shallow 
populations studied. Colony growth slightly but clearly decreased with age, suggesting some 
error can be made if a linear correlation between these two parameters will be applied to 
estimate age from colony diameter. 
 
● The oldest colony was a female, with the greatest number of polyps (2376 on 
average) and the highest reproductive output (6389 oocytes or planulae), confirming that any 
reduction of polyp or colony fecundity with age can be likely excluded. 
 
All these findings are reported in: Priori et al. (2013) Demography of deep-dwelling red coral 
populations. Age and reproductive assessment of a high valuable marine species. Estuarine, 
Coastal and Shelf Science 118: 43-49. 
 
Partial predation by a specialized gastropod (Pseudosimnia carnea).  
 
This snail exclusively feeds on polyps and on eggs and spermaries of C.rubrum. The 
effects of partial predation exerted by this gastropod on red coral reproduction have been 
examined from a quantitative point of view.  
 
● A significant selectivity of the predator for female coral colonies was highlighted, 
likely due to the greater nutritional value of eggs in comparison with spermaries.  
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Significantly lower values of all the reproductive parameters in the predated colonies 
were found; in particular: 
 
● the mean polyp fecundity was 38.4% of the value measured in healthy colonies;  
● the mean colony fecundity-to weight ratio was 15.7% of the values measured in 
healthy colonies; this last finding highlights a dramatic reduction of colony and population 
reproductive output in the grazed populations. 
 
All these findings are reported in: Priori, Erra and Santangelo Effects of gastropod predation 
on the reproductive output of an overexploited octocoral. Coral Reefs (submitted). 
 
ROV investigation.  
 
Since red coral is an over-harvested and vulnerable species, it should be worth to 
gather data indirectly, without taking off colonies from the environment. The ROV could be 
the suitable tool for not destructing sampling, as it can reach great depths without the physical 
limits of SCUBA diving and the risks connected to them. For this reason, during the 2010 
cruise 28 ROV transects were conducted and 1650 photos were acquired, in order to 
determine from them the distribution, density and morphometric parameters of the colonies 
and then compare these data with those obtained from collected colonies. 
 
● The photo samples analysed revealed a higher frequency of encounter (occupancy) 
at Ischia Island (0.199 patches with coral/m) respect to Amalfi Coast (0.053) and Elba-
Pianosa Islands (0.054). 
 
● Occupancy was always decreasing with depth at Amalfi and Elba-Pianosa, whereas 
at Ischia it was increasing until 110 m, then decreasing. 
 
● Density values varied between 35.6 col/m2 at Amalfi and 64.5 at Ischia. 
 
● Variations of coral density at different depths in the studies areas have been 
determined.  
At Amalfi, where there is a greater presence of vertical or sub-vertical walls, ROV 
exploration (1539 m) revealed a bimodal trend with a first peak of density between 55 and 60 
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m depth (50 colonies/m
2
). After this peak the values decrease until 95 m depth and then they 
increase again until 108 m.  
At Ischia, where there are mostly vertical walls, ROV exploration (676 m) found a 
bimodal trend with a first peak of density between 60 and 65 m (102 colonies/m
2
) and the 
second between 100 and 105 m depth. The deepest colonies of Corallium rubrum were found 
at 123 m. 
At Elba-Pianosa the analysis of the sampling effort of 1297.8 m of bottom explored, 
has detected the total absence of vertical walls. The red coral colonies are located on the edge 
of boulders placed on a plateau formed by sand and sediments. ROV found a bimodal 
distribution with peaks between 65 and 70 m (64 colonies/m
2
) and between 80 and 85 m (48 
colonies/m
2
). 
 
● The analysis of substrate exposure has revealed preferential orientations of colonies 
at Amalfi (W-NW) and Ischia (E-SE), due to the presence of steep walls; on the contrary, red 
coral was uniformly distributed at Elba-Pianosa, since the boulders allow colonies to set in all 
the possible directions. The different diversity of environments (in terms of number of 
colonies in the different quadrants) is well represented by the Shannon-Weaver General 
Diversity Index (H) which reached the highest values at Elba-Pianosa. 
 
All the data gathered by ROV are under examination by a multivariate method 
(correspondence analysis), carried out with the help of PhD Andrea Gori (Centre Scientifique 
de Monaco). 
 
The measurements of colony diameters (at a millimetre-scale, by ROV) revealed some 
limits of this techniques, since the results, applied to the determination of age and, especially, 
biomass, have produced not reliable outputs. 
 
These results are reported in the paper: Mesophotic red coral populations: a ROV 
survey analysis (in prep.) 
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